Abstract: Riverbank fi ltration is considered an effi cient method for removing contaminants from infi ltrated surface water in the subsurface. Despite indications that changing water temperatures affect the biochemical and biological mediated removal processes of contaminants, the impact of temperature induced fl uid viscosity and density effects on contaminant removal during riverbank fi ltration is not well understood. This paper investigates the viscosity and density effects associated with seasonal changes in groundwater temperature on virus and dissolved organic carbon (DOC) removal during riverbank fi ltration. Hypothetical aquifer and fl ood wave scenarios were assumed. Data on groundwater temperature were taken from an Austrian fi eld site of the River Danube recorded during 2010/2011. Based on removal rates taken from previously published fi eld experiments, virus and DOC transport was simulated for highly permeable gravel, fi ne gravel and fi ne sandy gravel material. Our simulations indicate that for DOC and a wide range of virus types the viscosity and density effects induced by water temperature changes can counteract with temperature dependent decay and inactivation rates. For particular situations, however, such as for receding fl oods during colder periods, our simulations indicate that fl uid viscosity and density effects can result in a net decrease in the virus removal effi ciency during colder periods. Persistent types of viruses (e.g. polio 1 or HAV ) can be reduced less effectively and may travel by up to 25 % faster during warmer than during colder periods. Our simulations indicate that viscosity and density effects induced by temperature changes should be considered for studying and simulating virus or DOC removal and transport during riverbank fi ltration. The effects may be important specifi cally at fi eld sites with a high river-aquifer exchange and large variations in groundwater temperature.
Introduction
In the view of the increase in world population, the demand for effi cient treatment methods for drinking water has increased. The potential capacity of riverbank fi ltration to effectively remove contaminants has been demonstrated. However, during fl oods river water was found to infi ltrate more quickly and at a higher rate into the riverbank, posing an increased risk for groundwater contamination (e.g. Shankar et al. 2009) . A study of river-groundwater interaction at the River Danube indicated that fl ood events can lead to enhanced river-aquifer mixing and thus to facilitated transport of solutes into groundwater (Derx et al. 2010) . The authors suggested that transient, three-dimensional variations in pore velocities may be responsible.
Other factors which can infl uence river-aquifer exchange fl ow rates were identifi ed, such as bed form heterogeneities (Storey et al. 2003) or meandering of rivers (Peyrard et al. 2008 , Cardenas 2008 , Boano et al. 2010 .
Water temperature was also found to signifi cantly affect the infi ltration capacity from rivers (Blaschke et al. 2003 , Hubbs et al. 2007 ). Hubbs et al. (2007) found that wide variations in water viscosity associated with temperature resulted in the doubling of the infi ltration capacity from winter to summer at the Ohio River. They recommended that the rated capacity of riverbank fi ltration systems should be considered as a range between coldest and warmest water conditions. Similarly, Blaschke et al. (2003) found that seepage rates from the River Danube vary substantially throughout the year and estimated that 50 % are due to variations in water viscosities between summer and winter. It is yet unclear, how changing viscosities and densities throughout the year would affect contaminant removal during soil passage. Several studies exist which investigated the effects of water temperature on the reduction of nitrate, sulphate, organic compounds and pathogenic viruses during soil passage. The parameters that were considered to change with water temperature included the redox potential (Gross-Wittke et al. 2010 , Schwarzenbach et al. 1983 , the virus inactivation and attachment rates (Schijven & Hassanizadeh 2000 , Yao et al. 1971 or the DOC decay rates (Jekel et al. 2009 ). The effects of changing viscosities and densities on contaminant transport, however, were previously disregarded. As contaminants, waterborne pathogenic viruses are one contaminant of major concern because of a high persistence in the aqueous environment, an ease of transportation in groundwater and low infectious doses (Schijven & Hassanizadeh 2000 , Stalder et al. 2011 . Dissolved organic carbon (DOC) is further an often used surrogate for organic pollutants.
During changing hydraulic fl ow conditions, such as during fl oods or during pumping, groundwater temperature may respond strongly to river water temperature because of higher water level gradients and thus more heat convection (Su et al. 2004) . During fl oods viruses and DOC may travel further into groundwater because of a reduced groundwater travel time and an increased fraction of freshly infi ltrated river water. During such conditions, fl uid viscosity and density variations may therefore affect virus and DOC concentrations in groundwater even stronger.
From these perspectives it is therefore important to understand the effects of fl oods combined with variations in water viscosities and densities on contaminant removal.
The primary objective of this paper was to investigate how viscosity and density effects combined with changing hydraulic conditions can affect virus and DOC removal during riverbank fi ltration and soil passage. Hypothetical aquifer and fl ood wave scenarios were assumed with simplifi ed aquifer and river geometries in order to exclude other interfering effects which may occur at real fi eld sites. These scenarios are considered as a fi rst step for investigating if viscosity and density changes have an important effect on contaminant removal during soil passage and should thus be considered in the future.
A secondary objective of this paper was to investigate the effects of temperature dependent virus inactivation and DOC decay rates on virus and DOC transport and how they relate to viscosity and density effects induced by changes in water temperature. Even though virus inactivation rates usually increase with water temperature, they can vary strongly for different types of viruses. For example, persistent types of viruses exist also with very low inactivation rates independently from water temperature (Schijven et al. 2002) . The relation of DOC decay to water temperature, however, is well known from waste water treatment practice. Both virus inactivation and DOC decay rates were therefore assumed dependent on water temperature independently and in combination with fl uid densities and viscosities. A third objective was to discuss the general implications of our results for the consideration of contaminant removal during riverbank fi ltration.
Description of the water fl ow and transport model
The groundwater fl ow and transport were simulated in three dimensions (SUTRA2.1, Voss & Provost 2008) , coupled to 1D surface water simulations (HEC-RAS, U.S. Army Corps of Engineers 2008), fully accounting for transient, variably saturated fl ow conditions. The simulations in three dimensions were required because the nearriver groundwater fl ow directions respond to a fl ood wave in directions parallel and perpendicular to the river axis and in vertical direction, as can be seen from the simulated groundwater fl ow directions after 20 d of simulation time in Figure 1 . The general form of the 3-D variably saturated groundwater fl ow equation as solved in SUTRA2.1 is
Notations are given in Table 1 . The water density ρ T and the dynamic viscosity μ T were assumed dependent on water temperature T. The model geometry and the boundary conditions are shown in Figure 1 . For the assumed distribution of groundwater temperature in our scenarios, see Section 4. Based on a specifi c groundwater temperature at a respective time and location, ρ T and μ T were calculated by linear interpolation between a range of values from 2-22 °C (Table 2 ). The water fl ow model was tested for a fi eld site at the Austrian Danube with transient fl ow conditions during several fl ooding events. It was demonstrated that the transient groundwater fl ow situation during fl ooding events could be reproduced, with mean biases always less than 7 cm (Derx et al. 2010) . For a detailed description of the water fl ow model coupled with transient surface water -groundwater interaction, see Derx et al. (2010) . The transport simulations were based on the advection-dispersion equation with a fi rst-order reduction rate (λ) and virus inactivation rate (η) solved by SUTRA2.1 (Voss & Provost 2008) :
Notations are given in Table 1 . As for the water fl ow model, the water density ρ T was assigned dependent on water temperature. SUTRA2.1 was tested and verifi ed for 3 spatial zones are indicated, the inland (red), near-river zone (green) and the zone below the river bed (white). In each of these zones the same, time-dependent fl uid viscosities and densities were assigned for the scenario simulations. Min and max river water levels during scenario simulations together with simulated groundwater levels are indicated; The location of the drinking water well and the boundary conditions are shown: h(t) = h river , t ; no-fl ow boundary: q = 0; and transition zone, where either h(t) = h river, t if h river, t > h groundsurface or q = 0 if h river,t ≤ h groundsurface (Derx et al. 2010) .
several 2-D/3-D variable-density solute transport problems by Voss & Provost (2008) . In order to test the simulations with fi rst-order concentration reduction, a simple box model was set up. Initial solute concentrations at one uniform value were assigned throughout the box and a fi rst-order decay rate was specifi ed. The concentration reduced exponentially with time (results not shown).
River and aquifer system, model parameters and data used for the scenarios
Hypothetical river and aquifer scenarios were assumed in a temperate, continental climatic region with a variation in river water temperature from 2 °C to 25 °C throughout the year. A large river was assumed with an oxygen content close to saturation which is important for assuming decay rates in our DOC transport simulations (Section 3.1). A fl ood wave scenario was assumed with an increase in water level by 5 m. The corresponding river fl ow discharges range between 100 and 5700 m 3 /s. For comparison, such fl ooding events may occur at large rivers on average once a year (for example at the River Danube, see via donau, 1997). The unconfi ned alluvial aquifers were assumed fully connected to the river and 10 m deep, consisting of gravel, fi ne gravel and fi ne gravel porous media with sand. These conditions are frequently found at riverbank fi ltration sites underlaid by fl uvial gravel aquifers (Hoehn 2002 , Homonnay 2002 , Weiss et al. 2005 .
As the hydraulic conductivity in fl uvial gravel aquifers near rivers often ranges from 10 −3 m/s to 10 −2 m/s (e.g. the River Rhine, Schubert 2006 and Shankar et al. 2009 ), this range was assumed in the simulations. An effective porosity of 0.1 was assigned for the scenarios, which is on the conservative side of the range reported for gravel by de Marsily (1986) (0.1-0.2). The dispersivity values for the horizontal directions (α l ) were taken from the results of tracer tests conducted in the Seewinkel nearby Lake Neusiedl where the soil properties are similar to the assumed scenarios (Kroiss et al. 2002) . α l was set to 5 m in all simulations. Anisotropy ratios of hydraulic conductivity (K * f,v/h ) and dispersivity (α * v/h ) of 0.1 were assumed for the scenarios (Chen 2000 , Gelhar et al. 1992 .
The groundwater temperature assumed in our scenarios was based on continuous water temperature data near the Austrian River Danube (Fig. 2) . We chose this specifi c site because of characteristics similar to our assumed river and aquifer system. During the monitoring period from December 2009 to September 2011 two fl ood events occurred with an increase in river water level by 5 m, one in summer and one in winter. Even though no fl oods were recorded in spring nor autumn, Table 2 . Dynamic viscosity and water density as functions of water temperature (Kozeny 1953 , Geiseler 1967 the water temperature in the near-river aquifer approached twice the river water temperature during these seasons, similarly as during the fl oods. We therefore could assume the same distribution of groundwater temperatures during an increase in river water level by 5 m at the beginning of these time periods.
The fate of viruses and DOC in groundwater
The virus removal and DOC biodegradation rates used for our scenarios were based on previously published fi eld experiments and on monitoring data in aquifers with similar characteristics as our assumed river and aquifer system (Section 3). Viruses of concern were any type of human waterborne pathogenic virus that could enter the groundwater system. Common types of human viruses found in groundwater which may affect the human body are: adeno, echo, coxsackie, entero, hepatitis, polio, calici and rotaviruses (Sim & Chrysikopoulos 1998) . The virus removal rates were based on published data from MS2 and PRD-1 bacteriophage fi eld tracer experiments in fi ne gravel and coarse sand (Pang 2009 , see Table 3 ). We selected MS2 and PRD1 as model viruses, as they are about equally conservative for attachment (Schijven and Hassanizadeh 2000) . The virus removal rates were assumed constant and comprised attachment and some effect of inactivation and dilution. Virus inactivation rates (η) were assumed to change with water temperature. A relationship of ln(η) = 0.12 T − 3.5 was taken from Schijven & Hassanizadeh (2000) (p. 101) for MS2 bacteriophages at water temperatures from 5 to 23 °C. The aquifer was assumed to be initially free of viruses and at the river boundary a constant virus concentration reduction of 0 log 10 C C 0 was assumed (Fig. 3 ).
DOC is removed in groundwater due to adsorption and biodegradation processes (Partinoudi & Collins 2007) . We assumed DOC decay rate constants (λ) for our scenarios based on published fi eld experiments in gravel and sandy gravel aquifers (Table 4) . From waste water treatment practice DOC decay rates are known to increase with water temperature due to an increase in microbial activity. The assumed DOC decay rate λ was based on a water temperature of 15 °C and was linearly interpolated from 0.61λ at 5 °C to 2λ at 25 °C, based on results from large column experiments (Jekel et al. 2009 ). DOC concentrations in rivers were found to vary strongly in space and time and to increase during fl ood events (e.g. in the Austrian Danube, Wolfram & Humpesch 2003 , Wolfram & Humpesch 2004 and Wolfram & Humpesch 2005 . Based on these studies, DOC concentrations in the river were assumed to increase from 1-10 mg/l during a fl ood event in our scenarios (Fig. 3) of DOC in groundwater were assumed low with 1 mg/l, as typically found in groundwater wells nearby rivers (e.g. near the River Thur, Hoehn & Scholtis 2011, the River Rhine, Schmidt et al. 2003 and the Ohio River, Weiss et al. 2003) . DOC and viruses were assumed to be homogeneously distributed in the river in our scenarios (the river is shaded blue in Figure 1 ).
Scenario simulations
Scenarios for a fl ood in summer, in autumn, in winter and in spring were assumed with an increase in river water level by 5 m (Figure 3 ). We chose a simulation time long enough for investigating the contaminant breakthrough during and after the fl ooding event (60 d).
For the simulations, the hydraulic conductivity (K f ), virus removal and DOC decay rate (λ) were varied within ranges previously observed in gravel materials (Section 3 and Table 3 and 4). Respective minimum, median and maximum values of these parameters were assigned to highly permeable gravel, fi ne gravel and fi ne sandy gravel and all other parameters were left constant. The smallest λ values were assigned to highly permeable gravel material, the median values to fi ne gravel material and the largest values to fi ne gravel material with sand because of a higher affi nity to attach to sediments (see Table 5 ).
As a simplifi ed assumption, we divided the hypothetical aquifer into an inland zone, a zone near the river and a zone below the river bed (Fig. 1) . For each of these zones we assigned the observed groundwater temperatures in piezometer P1 to the zone below the river bed, in piezometer P2 to the near-river zone and in piezometer P3 to the inland zone. Additionally, we assumed a well 500 m from the riverbank, consisting of concrete pipes which are 20 m long and extend radially 1 m above the bottom of the unconfi ned aquifer (horizontal wells, Fig. 1 ).
We assumed a pumping rate of 0 or 100 l/s. Virus inactivation and removal rates and DOC decay rates were assumed constant (η = 0.02 d −1
; For values of λ, see Table 5 ). For additional scenarios for virus transport we assumed η to change with water temperature and also λ for DOC transport and the respective parameters com- bined with fl uid viscosity and density. For a complete list of assumed scenarios, see Table 6 . For each scenario, the virus log 10 C C 0 concentration reductions were simulated, which were defi ned as the virus concentration C in groundwater relative to an arbitrary virus concentration in the river C 0 . For DOC transport absolute concentrations were simulated in mg/l.
Results

Attenuation of water temperature fl uctuation and exchange fl ow rates
The observed water temperature from December 2009 to September 2011 ranged from 2-25 °C in the River Danube (Fig. 2) . The groundwater temperature fl uctuations clearly attenuated and showed an increased time lag with increasing distance from the river. When comparing the observed peak water temperatures in the river and in groundwater, the time lags were from 72 to 117 d. In order to quantify the effects of fl uid viscosity and density variations on infi ltration and exfi ltration fl ow rates across the riverbed [m 3 /s], they were calculated during the fl ooding event as the sum over the submerged zone shown in Figure 1 . The transient simulation results showed that for both infi ltration (+) and groundwater exfi ltration (-) the exchange rates vary strongly with time. The exchange fl ow rates for coarse gravel, fi ne gravel and fi ne sandy gravel material during a summer fl ood varied from 0.3 to 7.3 m 3 /s, -0.3 to 0.7 m 3 /s and -0.5 to 1.9 m 3 /s, respectively. They peaked on day 10 after rapidly rising river levels. The exchange fl ow rates varied from 3 to 34 % between the different seasons.
Simulated virus travel time and concentration reduction
For investigating the virus concentration reduction over time, we chose observation points from 320 to 1500 m from the river. The virus particles were transported from the river into groundwater. As soon as the virus particles had arrived at a respective point the simulated virus concentrations increased, thus their reduction decreased (Fig.  4) . The simulated virus travel time was by up to 25 % (5 days) shorter in autumn than in spring (1500 m from the river bank, Fig. 4 top left). When the river water level decreased during the receding fl ood, the groundwater fl ow direction turned temporarily leading to groundwater exfi ltration conditions in the river (see indicated groundwater fl ow directions after 20 d in Figs 1 and 5) . Such conditions often occur, if the river water level decreases faster than the groundwater levels nearby the river. As a consequence, simulated virus concentrations were reduced after a simulation time of ≥ 15 days at a distance of 300-600 m from the river bank (Fig. 4 centre and right) .
If the virus inactivation rates were assumed dependent on groundwater temperature, simulated virus concentrations were reduced by up to 2-5 log 10 C C 0 more effectively (Fig. 4 middle left) . The inactivation rate became less important for simulations the higher the assumed virus removal rates (0.9 and 10 d −1 , see Figure 4 middle centre and right). Simulation results for all effects combined show that fl uid viscosity and density effects can cause a by 25 % earlier net arrival of virus particles (1500 m from the river bank, Figure 4 bottom left).
In our simulations fl uid viscosity and density effects caused that the virus concentration reductions in coarse gravel differed by up to 1.3 log 10 C C 0 between the seasons.
The greatest effects were shown in coarse gravel material at 2500 m distance from the river bank and in fi ne gravel material at 700 m from the river bank (Fig. 6 top left and centre and Tables 7 and 8 top right). The effects were negligibly small in fi ne sandy gravel (Figs 6 right and Table 9). The scenario results further demonstrate that the required distances from the river to achieve a respective virus concentration reduction can differ accordingly over the seasons due to fl uid viscosity and density effects. If virus inactivation rates and fl uid viscosity and density were assumed dependent on water temperature, the simulated virus concentrations differed by up to 2.1 log 10 C C 0 over the seasons. Fluid and viscosity effects were responsible of 38 % of this difference in simulated virus concentrations (compare Fig. 6 middle and bottom left) . For the specifi c case in fi ne gravel fl uid viscosity and density effects caused a net increase in virus concentrations by 5-10 % during colder periods (compare Fig. 6 middle and bottom centre).
The simulated virus concentrations were reduced by up to 0.5 log 10 C C 0 less with pumping at a rate of 100 l/s than without pumping (Figs 6 and 7 ). An exception are the scenarios in coarse gravel, where viruses were transported far beyond the location of the well and pumping caused that fresh water was transported from inland. As a consequence the simulated virus concentrations were more reduced, by up to 0.5 log 10 C C 0 , than without pumping (Figs 6 and 7).
Simulated DOC travel time and concentration
The simulation results for DOC indicate that fl uid viscosity and density effects can cause that DOC concentrations arrive by up to 14 % earlier in autumn than in spring (when comparing time of fi rst arrival or time of concentration peaks, see Figure 8 ). Changing fl uid viscosities and densities can further cause that the simulated DOC concentrations differ by up to 10 % over the seasons and the required distance from the river accordingly ( Fig. 9 top and Tables 7 to 9 bottom).
When assuming that the DOC decay rate (λ) increases with water temperature, while fl uid viscosity and density are kept constant, the simulation results show the opposite effect on DOC concentrations (Figs 8 and 9 middle). As a result the simulated DOC concentrations can differ less over the seasons (Fig. 9 middle and bottom) . Fluid viscosity and density effects, however, caused that simulated DOC concentrations arrived by up to 14 % earlier (compare Fig. 8 middle and bottom) . (Fig. 9 ) for coarse gravel, fi ne gravel and fi ne sandy gravel material; For scenarios fl uid viscosity (µ T ) and density (ρ T ) (top) and virus inactivation rate (η, middle) and all parameters together (bottom) were assigned dependent on water temperature. A pumping rate of 0 l/s is assumed. A virus concentration reduction at a respective distance from the river refers to an aquifer depth where the absolute minimum virus reduction at this point was simulated; Horizontal axis limits are set to where vertical axis limits are fi rst reached. 6. Discussion
Fluid viscosity and density effects combined with changing hydraulic conditions during fl oods
According to our simulation results, viscosity and density effects generally increase with the distance from the river (Fig. 6, top) . Close to the river, virus and DOC concentrations are most likely more affected by variations in groundwater pressure gradients during the fl ood than by variations in water temperature. Derx et al. (2010) found that the magnitude of pore velocities in the near-river aquifer can vary strongly during fl ooding events. The lateral water level gradients varied from -0.3 to 0.3 % at their study site at the Danube, while a change in groundwater temperature from 2 °C to 22 °C at maximum could Table 7 . Minimum simulated virus concentration reductions and simulated peak DOC concentrations after 60 days for coarse gravel (Figs 6 and 9); For scenarios fl uid viscosity (µ T ) and density (ρ T ) were assigned dependent on water temperature. Shown are the simulated values at the river boundary (0 m) and at various distances from the river bank (Fig. 1) . cause a change in fl ow velocity due to viscosity changes by 57 % (Table 2) . Beside the effect on absolute concentration levels, changing fl uid viscosities and densities over the seasons affected the simulated travel time of both types of contaminants. The simulated travel time was the shorter the warmer the groundwater temperature was assumed. Vogt et al. (2010) found a by up to 3 times shorter travel time from the river into groundwater at a restored compared to a channelised section of the River Thur. As the groundwater temperature was by approximately 2 °C higher at the restored section of the River Thur, viscosity and density effects may have been one responsible mechanism.
As the simulated transport distance in fi ne gravel was generally smaller than in coarse gravel, the simulated virus concentrations were most affected by groundwater temperature variations in the near-river aquifer during summer and winter (Fig. 6, centre) . Simulated virus concentrations in fi ne gravel were more reduced after the summer fl ood which is likely due to turning groundwater fl ow directions during the receding fl ood, leading to temporary groundwater exfi ltration into the river. Our results indicate that these conditions during a fl ood can lead to increased dilution processes because pristine groundwater is carried from further inland (arrows in Figs 1 and 5, centre) .
Pumping can lead to more constant infi ltration conditions from the river into groundwater, to higher groundwater gradients and thus to shorter travel times, as e.g. reported at the Great Miami River by Sheets et al. (2002) . In accordance with these results, our simulations for fi ne gravel and fi ne sandy gravel material indicate that pumping can cause that virus concentrations are less effectively reduced during soil passage.
Effects of water temperature on virus removal, inactivation or DOC decay
In order to evaluate the net effects of seasonal changes in water temperature on contaminant removal, we considered changing fl uid viscosities and densities and changes in virus inactivation rates. Our simulations demonstrate that virus concentrations can be reduced more effectively in warmer than in colder groundwater due to higher virus inactivation rates. Scenarios with a high assumed virus removal rate show that the effect of changing virus inactivation rates become negligible (Fig.  6, right) .
In fact virus inactivation rates can vary strongly for different types of viruses also in relation to changes in water temperature. While the inactivation rate of e.g. echo 1 strongly varies with water temperature (similarly as shown in our scenarios), polio 1 or HAV do not show a signifi cantly higher inactivation at warmer water temperatures (Schijven & Hassanizadeh 2000) .
For such persistent types, our results indicate that fl uid viscosity and density effects can cause that virus concentrations are reduced by up to 1.3 log 10 C C 0 (16 %) less effectively during warmer seasons.
Virus removal rates may further increase with increasing water temperature according to colloid fi ltration theory (CFT, Yao et al. 1971) . CFT predicts that virus particle movement during diffusion processes increases with increasing water temperature. As this theory, however, assumes a spherical shape of the collector particles and thus a uniform and well-sorted porous medium, it does not apply well for simulating virus transport in coarse gravel material. Moreover, gravel aquifers usually have a heterogeneous grain size distribution, and preferential fl ow processes may become more important than diffusion processes (Pang et al. 2005) .
In contrast to virus inactivation, the effects of water temperature on simulated DOC concentrations appear to be clearer and less complex. Our simulations show that viscosity and density effects induced by changes in water temperature can counteract with effects of temperature dependent DOC decay rates in regards to DOC concentration levels. As a result DOC concentrations differ less between the seasons. The travel time, however, can be reduced by up to 14 % during warmer periods.
Implications for a more general case
Finally, the general implications of our simulation results for the consideration of contaminant removal during riverbank fi ltration are discussed. The groundwater temperature variations were clearly attenuated with distance, which is often observed in near-river groundwater (Schmidt et al. 2003 , see Table 10 ). Advective fl ow, conduction and mixing are the responsible transport mechanisms (Sheets et al. 2002) . The largest differences in simulated virus and DOC concentrations were between autumn and spring, as groundwater temperature was warmest in autumn and coldest in spring due to a time lag to the river water temperature. For deeper aquifers than assumed for our scenarios, the viscosity and density effects may be similar as shown in our simulations because the groundwater temperature fl uctuations generally attenuate quickly with depth (Sheets et al. 2002 , Su et al. 2004 . While a simplifi ed river geometry was assumed for our scenarios, river bed form heterogeneities, meanders and river side channels can further facilitate river-aquifer exchange (Storey et al. 2003 , Cardenas 2008 , Boano et al. 2010 ). In such cases groundwater temperature could respond stronger to changes in river water temperature. The changes in fl uid viscosity and density induced by water temperature may consequently have stronger effects on virus and DOC transport. This may have important implications at restored river sections where the river bank geometry is in general more heterogeneous than assumed in our simulations (Vogt et al. 2010) . In cases of pronounced sediment clogging on top of the river bed and bank site, the viscosity and density effects on virus and DOC transport may diminish because groundwater temperature fl uctuations become very small (Sheets et al. 2002) . The same effects may be caused if groundwater is exfi ltrating into the river during low fl ow conditions. During fl oods, however, river water infi ltration often increases and sediment clogging may be partially removed, resembling the assumed conditions in our scenarios.
For our scenarios the river water was assumed to be saturated with oxygen. In the case of oxygen depletion, an increase in water temperature can further diminish the self-purifi cation effi ciency of the river bank sediments. With increasing microbial activity the oxygen consumption also increases. Oxygen depletion causes a transition from aerobic to anaerobic microbial degradation processes, which can cause the self-purifi cation processes in the river bank to slow down signifi cantly (Gross-Wittke et al. 2010 ).
Conclusion
We investigated the effects of changing fl uid viscosities and densities, the effects of changing DOC decay rate and virus inactivation rates and their net effects on virus and DOC transport due to seasonal changes in groundwater temperature.
Our scenario results indicate that water temperature fl uctuations can strongly affect virus and DOC removal during riverbank fi ltration. For DOC and a wide range of virus types the viscosity and density effects induced by water temperature changes can counteract with temperature dependent decay and inactivation rates.
Our simulations further indicate that fl uid viscosity and density effects can result in a net decrease in virus removal effi ciency for particular situations, such as for receding fl oods during colder periods. Moreover persistent types of viruses (e.g. polio 1 or HAV ) could be reduced less effectively (by up to 1.3 log 10 C C 0 ) and may travel by up to 25 % faster during warmer than during colder periods.
We recommend considering viscosity and density effects induced by temperature changes in future studies investigating virus or DOC transport during riverbank fi ltration. The effects may be important specifi cally at fi eld sites with a high river-aquifer exchange and large variations in groundwater temperature. 
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